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We present here a simple theoretical model for conventional
kinesin. The model reproduces the hand-over-hand mechanism for
kinesin walking to the plus end of a microtubule. A large hindering
force induces kinesin to walk slowly to the minus end, again by a
hand-over-hand mechanism. Good agreement is obtained be-
tween the calculated and experimental results on the external
force dependence of the walking speed, the forwardbackward
step ratio, and dwell times for both forward and backward steps.
The model predicts that both forward and backward motions of
kinesin take place at the same chemical state of the motor heads,
with the front head being occupied by an ATP (or ADP,Pi) and the
rear being occupied by an ADP. The direction of motion is a result
of the competition between the power stroke produced by the
front head and the external load. The other predictions include the
external force dependence of the chemomechanical coupling ratio
(e.g., the stepping distanceATP ratio) and the walking speed of
kinesin at force ranges that have not been tested by experiments.
The model predicts that the chemomechanical coupling remains
tight in a large force range. However, when the external force is
very large (e.g.,18 pN), kinesin slides in an inchworm fashion, and
the translocation of kinesin becomes loosely coupled to ATP
turnovers.
backward walking  chemomechanical coupling
K inesins are linear motors that are widely distributed inalmost all eukaryotic cells, and there are 45 different kinesin
species in humans (1). These microtubule-based motors are
involved in many functions of biological systems, including cargo
transport, mitosis, and control of microtubule dynamics, and
they play important roles in signal transduction pathways (1–5).
Kinesins are further classified into three categories: N-terminal
kinesins, C-terminal kinesins, andM kinesins, with the first being
the majority in humans (2). The motions of the kinesins on
microtubules are directional: N-terminal kinesins move to the
plus end of the microtubule, and C-terminal kinesins move
toward the minus end of the microtubule (1, 2). Kinesins have a
large variety of structures, and they function as monomers,
dimers, or tetramers in cells (1, 2). Among the family members
of kinesins, the only conserved region is the catalytic core (5).
Conventional kinesin is a homodimer, and each of the mono-
mers contains a heavy chain of 120 kDa (1). The essential
structural elements of a kinesin monomer include an N-terminal
motor head, which contains the nucleotide-binding site, a neck
linker, a long coiled coil that is responsible for dimerization, and
a globular cargo-binding tail domain formed by a light chain (1,
2, 5). The motor domain also contains the microtubule-binding
site. In forming a dimer, the long coiled coils form a central stalk.
The neck linker is an extension from the motor head and is
assumed (1, 3, 4) to serve as a lever arm in force generation.
Structural studies indicate that the conformation of the neck
linkers changes in a nucleotide-dependent manner (1, 3, 6).
These conformational changes generate the power stroke for the
walking of kinesin and determine the direction of motion. The
comparison of the cryo-EM structures of kinesin in the ATP and
ADP states has shown that ATP binding to a microtubule-
associated kinesin head causes a conformational change that is
believed (7) to tilt the stalk in the forward (plus) direction. Other
studies (8, 9) indicate that ADP release might induce redocking
of the neck linker and motor stepping.
Biochemical studies have shown that ATP binds to kinesin
with a high rate constant of 4 M1s1 (4). The binding of
ATP to kinesin is thought (6, 7) to induce a conformational
change of the latter. Its switch region (switch I) that flanks the
active site shifts between open and closed states (4). Only the
closed state is active for ATP hydrolysis. There may be further
conformational change of kinesin after ATP hydrolysis, as
indicated by the structural difference observed between
AMPPNP (adenyl-5-yl imidodiphosphate, an ATP analogue
that hydrolyzes very slowly) and ATP-bound kinesin in fluores-
cence microscopy (10). The dissociation constant Kd of ATP at
its kinesin-binding site is 75 M (4), so ATP dissociates from
its binding site with a rate constant of 150 s1. In the presence
of a microtubule, the ATP hydrolysis catalyzed by kinesin is
relatively slow, with a rate constant 6 s1 (4). The release of
ADP from a kinesin that is not associated with a microtubule has
a rate constant of 0.002 s1 (11). The rates of ATP hydrolysis
(12) and ADP release both increase (13) when kinesin binds a
microtubule (to 100–300 and20 s1, respectively). It was found
that the ADP release from one head is further accelerated to
60–300 s1 when ATP binds to the other head. It is very likely
that ADP release is still the rate-limiting step (4, 11) under these
conditions. Pi release occurs at a rate of100 s1 and is thought
not to be rate limiting under any of the conditions mentioned
above (4, 14). These studies also showed that a kinesin head with
an ADP in its nucleotide site binds to the microtubule weakly [Kd
 10–20 M (4)] and that ADP release from the motor head
allows it to bind much more strongly to the microtubule (4, 15).
Single-molecule detachment experiments confirmed that an
ADP-occupied kinesin head binds a microtubule much more
weakly than a nucleotide-free or AMPPNP-occupied kinesin
head (16–18). The experimentally determined unbinding force
(the force applied to detach kinesin from a microtubule) for the
ADP state is 4 pN (16, 18), whereas the unbinding forces for
the empty and AMPPNP states are both 6 pN (18). It was also
observed (18) that for all three states, a larger force is needed to
detach the kinesin head when it is pulled in the minus direction
(the direction opposite to the motion of kinesin) than when it is
pulled in the plus direction. The unbinding force of the ADP
state is 3.3–3.4 pN with a plus-end load and becomes 3.6–3.9 pN
under a minus-end load. The unbinding force of the AMPPNP
and empty states is 6.1–6.9 pN in the plus direction and is 9.1–10
pN in the minus direction. These studies also showed that the
unbinding force is similar for a monomeric and dimeric kinesin
if the heads are at the ADP or empty states, indicating that under
these conditions, only one of the two heads of a dimer binds to
the microtubule. The observation that when both kinesin heads
are occupied by ADP only one head binds the microtubule is
consistent with earlier x-ray structural studies (19). In contrast,
in the presence of AMPPNP, the detaching force is much larger
for a dimer than for a monomer, suggesting that under these
conditions, both heads are attached to a microtubule. It is likely
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that one of the two heads is occupied by AMPPNP and that the
other is empty (18).
It has been observed (20–25) that conventional kinesin is a
processive motor and that its step size is 8 nm, the axial
distance between two adjacent kinesin-binding sites on a micro-
tubule. This step size was shown to be invariant in a large range
of ATP concentrations and external loads (20, 22). The stepping
of kinesin is tightly coupled to ATP turnover in the presence of
both low and high external loads (20). One step of kinesin
requires only one ATP molecule, except at very high loads.
A number of different models have been proposed to account
for the processive stepping of kinesin (1, 4). In most existing
models, ATP binding to an empty kinesin head causes the other
head with a bound ADP to move forward, which subsequently
reattaches to the microtubule and releases ADP, although the
details of these models differ. There have been suggestions of an
inchwormmodel (in which one of the two heads always keeps the
leading position), but recent single-molecule experiments con-
vincingly showed that kinesin walks by a hand-over-hand mech-
anism in which the two heads alternately take the leading
position. Using Cy3-labeled kinesin, Yildiz et al. (25) showed that
each kinesin head takes alternative 17-nm and 0-nm steps
during its walking, with an average step size of the dimer of 8.3
nm. Combined with an earlier observation that kinesin steps are
taken without a stalk rotation (26), these results suggest that
kinesin walks by an asymmetric hand-over-handmechanism. The
asymmetry of kinesin walking is also consistent with experiments
on truncated (27) or mutant homodimeric kinesins (28), which
‘‘limp’’ along the microtubule. The difference in the motions of
the two structurally identical monomers suggests that the step-
ping of kinesin is intrinsically asymmetric, although this asym-
metry is not directly observable for a wild-type kinesin (27).
Different research groups have studied the external load as well
as ATP concentration dependence of the kinesin motion. Both
force-dependent (24) and force-independent (29) Michaelis–
Menten constants (the ATP concentration at which the speed of
kinesin is one-half of itsmaximumvalue obtained at saturatingATP
concentrations) have been observed. It has also been observed that
kinesin takes not only forward (toward the plus end of the micro-
tubule) but also backward steps (29, 30), with the latter occurring
more often with the increase of external load (29, 30). In a recent
experiment in which a large range of external loads were applied in
both assisting and hindering directions, Carter and Cross (30)
observed sustained backward steps of an 8-nm step size at large
hindering external forces. The backward steps, similar to the
forward steps, are ATP-dependent. Both forward and backward
stepping occurs very quickly, on the microsecond time scale,
without detectable substeps, in contrast to someearlier experiments
(21, 31). To account for the observation of both forward and
backward steps, Carter and Cross (30) proposed a model in the
prestroke state in which only one head (presumably at an empty
state) binds to the microtubule and the other head with an ADP is
detached. The latter head takes a position between two microtu-
bule-binding sites along the microtubule axial. ATP binding moves
the detached head forward, which subsequently binds to the
microtubule and releases ADP; at the same time, the former
attached head hydrolyzes ATP and detaches from the microtubule.
However, themodel is more consistent with a stepping pattern with
both steps of a kinesin head being intermediate (between 0 and 17
nm and close to 8 nm), and it is in contradiction to the observation
(25) that each of the two heads alternately takes steps of 17 nm
and 0 nm.
Theoretical modeling has proven to be useful in understanding
the chemomechanical coupling mechanisms of motor proteins,
including kinesin. Both kinetic modeling (32, 33) and master
equation approaches (34–36) using thermal ratchet-type models
have been used to study the kinetic and mechanical properties
of kinesin. However, there has been no detailed physical model
to describe the external force and ATP concentration depen-
dence in the hand-over-hand mechanism of kinesin walking on
a microtubule (in particular, the backward stepping of kinesin).
In the present study, we make use of structural and biochemical
experimental data to build a physical model to investigate the
hand-over-hand bidirectional movement of kinesin: in particu-
lar, the force dependence of the forwardbackward ratios, of
dwell times, and of the coupling between ATP hydrolysis and
kinesin walking. This study provides a physical model that
describes these important aspects of kinesin.
A Model of Kinesin
The proposed model of kinesin consists of two heads that are
connected through their neck linkers (see Scheme 1). The main
assumptions of the present model include the following: (i) Each
kinesin head binds to the microtubule with an affinity that
depends on its chemical state [empty, ADP, or ATP(ADPPi)
states], with the ATP(ADPPi) state possessing the highest
binding affinity, and the ADP state being the weakest binding
state. The binding affinity of one head is independent of the
other. (ii) Two reaction coordinates (x1 and x2) are used, each for
the position of one kinesin head. As shown in Scheme 1, the two
heads are connected through their neck linkers. The conforma-
tion of the neck linker at each of the chemical states is repre-
sented by the angle between the neck linker and the microtubule
axis. (iii) Three chemical states are considered explicitly
[ATP(ADPPi), ADP, and empty]. Kinesin, at different chem-
ical states, has stable structures of different angles formed
between the neck linker and the microtubule axial. According to
cryo-EM studies of single-headed kinesin, the ATP state prefers
an angle of 45°. The empty head (the rear head) is assumed to
take an angle of135° (the exact value depends on the geometry
of the kinesin dimer). Because the driving force in the present
model results mainly from the ATP-bound kinesin head, this
assumption on the structure of the empty state has no significant
influence on the results obtained in this study. The ADP state
was shown to bind the microtubule weakly and have a flexible
neck linker; thus, it does not have preferred angles in the present
model. (iv) A force exists between the two heads through the
interaction between the neck linkers, the conformation of which
is determined by the chemical state of the associated motor
heads. The motor heads are also subject to the random force due
to the thermal noise and the binding force due to their interac-
tions with the microtubule. The details of the model, including
the potential energy functions and rate parameters, are given in
the supporting information, which is published on the PNAS web
site.
Results
Hand-over-Hand Walking of Kinesin. First, we studied the translo-
cation of kinesin along themicrotubule in the absence of external
forces. A trajectory obtained under such a condition is shown in
Fig. 1a. Traces for both kinesin heads are shown. One can see
from Fig. 1a that in the absence of external load, kinesin takes
consecutive forward steps (to the plus end of the microtubule),
and no backward steps are observed. It can be seen that during
the walking of kinesin, the two heads take turns being the leading
head. Therefore, kinesin walks by a hand-over-hand mechanism.
The maximum speed of kinesin obtained at saturating concen-
trations of ATP is 400 nms1, and the Michaelis–Menten
constant, at which ATP concentration the speed of kinesin is
one-half of its maximum value, is25 M. Both parameters are
in reasonable agreement with the experimental data of Nish-
iyama et al. (29) but are approximately two and four times,
respectively, too small compared with the results of Block and
coworkers (24). This difference is likely caused by the different
diffusion constants of kinesin in the experimental setup or the
different ATP-binding and release constants. The exact origin of
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difference is still under investigation. The parameters used in this
study allow us to obtain a zero-force speed that falls on the
experimental curve of ref. 30. When a force is applied in the
minus direction and when it increases, kinesin takes more
frequent backward steps (Fig. 1b; 7 pN). In the presence of a
large enough force, one observes (Fig. 1c; 10 pN) sustained
backward motions of kinesin with an 8-nm step size and with the
two heads alternating the leading position. Therefore, in the
presence of large forces, the calculations show a hand-over-hand
walking of kinesin to theminus end of themicrotubule. Although
the speed of the backward motion increases with the force, the
motion is slow compared with the forward steps in the absence
of external load (30 nms at 15 pN compared with 400
nms at 0 pN).
Force and ATP Concentration Dependence of the Kinesin Speed. To
further characterize the external force dependence of kinesin
walking, the speed of kinesin is calculated as a function of the
external force with 1 mM or 10 M ATP in solution. As shown
in Fig. 2, the applied force influences the kinesin motion in a
rather complicated way. Although in general the increase of the
Scheme 1. A schematic model for kinesin and its forwardbackward stepping mechanism. State A shows kinesin at the prestroke state. ATP binding (state A
to state B and state A to state C) generates a power stroke that exerts a force (Fd) to the plus end for the rear head and a force (Fd) to the minus end for the
front head. When the external force is small (state B), because the front head binds the microtubule more strongly, the front head keeps its position, and the
rear headmoves forward (state B to state D). Because the external force is in the direction opposite to the power stroke on the rear head, these two forces (also
the binding force at the microtubule site, Fb,D) tend to cancel each other, and at large external forces (state C), the rear head holds its position. The external
force and the power stroke are both in the minus direction for the front head, and, together, they pull this head off its binding site (against the binding force
Fb,T) and move it in the minus direction (state C to state E). State E is the same chemical state as state A but is generated after either a forward or backward
stepping, and ATP binding to state E will lead to either a forward or backward stepping, depending on the external force.
Fig. 1. The trajectory of kinesin motion. Shown are trajectories of kinesin in
the absence of external force (a) and in the presence of 7 (b), 10 (c), and 18 (d)
pN. The trajectories of the two kinesin heads are shown (solid and dotted
lines). The ATP concentration is 1 mM.
Fig. 2. The velocity of kinesin as a function of the external force. The
experimental data are taken from ref. 30.
8074  www.pnas.orgcgidoi10.1073pnas.0602828103 Shao and Gao
opposing force decreases the kinesin speed and induces motions
in the minus direction, the assisting force does not always
increase the kinesin speed. Instead, at an ATP concentration of
1 mM, the speed of kinesin reaches a maximum in the presence
of a 5-pN external load. Further increase (more negative) of
the assisting external load decreases the kinesin walking speed
(see Fig. 2). This observation is consistent with the experimental
results of Carter and Cross (30). In contrast, the speed of kinesin
decreases monotonically when the external force changes from
0 to 7.5 pN (for [ATP]  1 mM), without changing the
direction of net motion.
ForwardBackward Step Ratio and Its Force Dependence. To under-
stand the transition between the forward and backward motions,
we studied the external load dependence of the ratio between the
numbers of forward and backward steps. The calculations were
performed for both 1 mM and 10 M ATP. As seen from Fig.
3, the difference due to the change of ATP concentration is
small, and, in both cases, the forwardbackward ratio decreases
monotonically with the external force. This ratio becomes unity
at the stall force. Therefore, the zero speed of kinesin results
from equal numbers of forward and backward steps without
cease of motion. The stall force (the force at which the speed of
kinesin vanishes) appears to be insensitive to the ATP concen-
tration. The stall force decreases from 7.5 pN at 1 mM ATP
to 7 pN at 10 MATP (see the supporting information for more
details). These results are in reasonable agreement with the
experiments (Fig. 3). Both calculated and experimental results
show an almost linear dependence of the forwardbackward
ratio as a function of the external force.
Dwell Times and Their Dependence on the External Force. Calcula-
tions were also performed to study the force dependence of the
dwell time between individual steps for both forward and
backward motions. This calculation is possible because the
physical motion of the kinesin heads occurs on a time scale of 10
s (30), much faster than the chemical transitions (see Fig. 1).
The calculations were again performed for ATP concentrations
of 1 mM and 10 M. The calculated results are shown in Fig. 4.
In general, the dwell time is smaller for 1 mM ATP than for 10
M ATP, indicating that, at least at 10 M, ATP binding is still
rate limiting, consistent with Km  30 M. In the force range of
15 to 5 pN, the dwell time is insensitive to the external force,
although it appears that a minimum of dwell time exists at 5
pN, consistent with Fig. 2, which shows that maximum speed
occurs at 5 pN. Because of the rareness of backward steps,
dwell time of backward steps was calculated only for forces 2
pN. When the external force increases from 5 to 10 pN, we
see a sharp increase of the dwell time from 0.05 s to 1 s for
[ATP] 1mMand from0.1 to1 s for [ATP] 10M. There
is no apparent difference in the force dependence of the forward
and backward motions, indicating that the forward and backward
steps share the same rate-limiting steps. The calculated force
dependence of the dwell times agrees reasonably well with
experiments. However, unlike the experimental results, the
calculated dwell times at large hindering forces (10 pN) are
independent of ATP concentrations in the range of 10 M to 1
mM. The discrepancy between the calculated and experimental
results is likely due to an additional force term that is missing in
the present model. This ATP concentration dependence of dwell
time indicates that Km is much higher than 10 M in this force
range, even when the turnover rate of ATP becomes very small
because of the slow translocation speed of kinesin. A Km
increasing with the hindering force has been observed in ref. 24
and would require an additional force dependence of the ATP
dissociation constant (that increases with external force) (un-
published data).
ATP Hydrolysis Versus Kinesin Stepping. To determine the coupling
ratio between ATP hydrolysis and kinesin stepping, the average
number of ATPs hydrolyzed for every kinesin step (backward or
forward) is calculated as a function of external force. It is seen
from Fig. 5 that the chemomechanical coupling ratio is close to
unity in a large range of external forces. The higher the ATP
concentration, the larger the force range that the tight coupling
sustains (15 to 6 pN for [ATP]  1 mM and 10 to 6 pN for
[ATP]  10 M). At large negative forces and a low concen-
tration of ATP, kinesin takes more than one 8-nm step per ATP
hydrolyzed, corresponding to a forced sliding in the plus direc-
tion. The forced sliding is not seen for [ATP]  1 mM for forces
less negative than 15 pN, suggesting a stronger binding of
kinesin to the microtubule in the presence of higher concentra-
tions of ATP. The force dependence of chemomechanical
coupling ratios at large positive forces shows a more complicated
behavior in the region of the forwardbackward stepping tran-
sition: Near the stall force, the kinesin stepping becomes loosely
coupled to ATP hydrolysis, with more than one ATP consumed
for a successful step. Taking into account that the net motion is
close to zero in this range of force, this loose coupling is due to
the balance between the force produced by kinesin and the
external load, which leads to a quick forwardbackward motion
of one head without moving the other. However, when the force
Fig. 3. The forwardbackward step ratio as a function of external load. The
ATP concentrations are 1mMand 10 M, respectively. The experimental data
are taken from ref. 30.
Fig. 4. The dwell times for backward and forward steps as a function of the
external force. The ATP concentrations are 1mMand 10M, respectively. The
experimental data are taken from ref. 30. The circles represent experimental
data obtained with 10 M ATP (F, forward; E, backward), and the triangles
represent data obtained with 1 mM ATP (, forward; ƒ, backward).
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further increases, the chemomechanical coupling ratio ap-
proaches unity again, indicating the recovery of a tight coupling
during the consecutive backward motion in this range of external
load. This ratio becomes1 at even larger hindering forces (15
pN for [ATP]  1 mM), and slippage to the minus end of the
microtubule occurs (Fig. 1d).
Discussion
In this report, we present a simple model for the translocation
of kinesin on the microtubule. The main goal of the present work
is to understand the recent single-molecule experiments on the
mechanical response of kinesin to external loads and to construct
a simple theoretical model that will allow us to understand
forward and backward motions of kinesin and to make experi-
mentally testable predictions. We have studied the force depen-
dence of both forward and backward stepping of kinesin. The
model predicts a hand-over-hand mechanism for kinesin in both
small and large forces (15 to 15 pN for 1 mM ATP), and for
motions in bothminus and plus directions, given that the ATPase
activity of the kinesin head depends only on its conformation.
However, when a very large force is applied, one could observe
an inchworm walkingsliding mechanism (Fig. 1d). It was found
that the force up to which the hand-over-hand mechanism
sustains decreases when the ATP concentration decreases.
The mechanism of forward kinesin walking in the present
theoretical model is, in essence, the same as earlier suggestions
(1, 3, 4). In this mechanism, the prestroke state consists of one
ADP-occupied and one empty kinesin head. In this prestroke
state, the empty head takes the leading position (to the plus
direction). Both kinesin heads are bound to the microtubule, and
the front one binds more strongly. This feature of the current
model is different from that proposed by Carter and Cross (30)
and, as shown in Scheme 1, is consistent with the observed 17-
and 0-nm alternate steps for each head (25). ATP binding to the
front empty head induces a conformational change of its neck
linker, which prefers a tilting angle of45° (7, 8) and thus prefers
to be the rear head through the interaction between the neck
linkers connected to the heads (see Scheme 1). In the absence
of a large hindering force, the backward movement of this head
is very unlikely because of its strong binding to the microtubule.
In contrast, the rear ADP head binds themicrotubule weakly and
is easily detached. It is thus pulled forward by the front head
(bound with ATP) until it reattaches to the next microtubule-
binding site, which is17 nm away from its original binding site.
This motion makes the original front head (with an ATP bound)
a rear one, the neck linker of which therefore redocks to its stable
conformation (see Scheme 1, states B–D). The reattachment of
the ADP-occupied head further decreases its ADP-binding
affinity and allows ADP to be released, whereas ATP hydrolysis
and Pi release (both believed to be fast) transform the rear head
to the ADP state, which is only weakly bound to the microtubule.
Therefore, in the forward motions, through each of the reacting
cycles, one of the two heads moves to the plus end of microtubule
by 17 nm, and the other head stays tightly bound to its
microtubule-binding site. ATP binding to the new empty head
initiates another cycle of ATP hydrolysis and therefore the next
forward step of kinesin, with the two heads exchanging their
roles from the previous step. As a result, one observes the
hand-over-hand walking mechanism of kinesin.
The model was further used to investigate the influence of the
external force on the walking mechanism of kinesin. Consistent
with experiments, the hindering forces not only slow down the
forward motion of kinesin but also lead to more frequent
backward steps, thus decreasing the forwardbackward ratio.
The backward stepping occurs by the following mechanism: ATP
binding to the front head generates a force between the two
heads through the neck linkers so that the front head is pulled
in the backward direction and the rear head is pulled to the plus
direction.When the external force is small, it is the weakly bound
rear head that detaches, as discussed earlier. A large hindering
force, however, balances with the forward force on the rear head
that is generated from the front head and prevents the forward
motion of the rear head (Scheme 1, state C). Therefore, a large
enough hindering force holds the rear head at its microtubule-
binding site. The front head with an ATP bound, however, is
subject to the power stroke and the external force, both in the
minus-end direction (Scheme 1, state C). These two forces
together detach the front head in the ATP state from the
microtubule and drive its motion in the minus direction. When
this detached head reattaches a microtubule-binding site that is
17 nm away from its original binding site, in the minus
direction, the driving force due to the power stroke vanishes, and
it binds strongly to the microtubule until another ATP binds. As
a result, consecutive backward steps are achieved.
What is somewhat surprising in the force dependence of the
motion of kinesin is that the assisting force does not always
increase the speed of kinesin. In fact, as mentioned earlier, in the
force range of5 to15 pN, the larger the assisting force, the
slower the motor walks. The other surprising result, again
consistent with experiments, is that the dwell time of the forward
steps and the dwell time of the backward steps both increase with
the applied force and that the forward and backward stepping
have the same dwell times. These two findings are both consis-
tent with experiments and are easily understood given the
stepping mechanism discussed above.
Although the assisting force increases the speed of the physical
translocation of kinesin, it also displaces the kinesin heads
slightly from their optimal binding positions on the microtubule
and slows down the chemical transitions. The observed decrease
of kinesin speed with the increase of relatively large assisting
force suggests that the rate-limiting steps are chemical rather
than physical. Consistently, experiments have shown that the
time that is required for a kinesin to take a physical step is in the
range of 10 s for both forward and backward steps (30), much
shorter than the overall turnover time (on the order of 10 ms or
slower). This observation of the chemical transitions being the
rate-limiting steps is also consistent with the force dependence
of the dwell times. As shown in Fig. 5, the hindering force has a
large effect on the dwell time: The dwell time increases by a
factor of 20 when the external force increases from 5 to 10 pN
([ATP]  1 mM). This effect is the same for the forward and
backward steps. The increase of the dwell time of the forward
step in the presence of an opposing force is in accord with the
lower frequency of its occurrence. However, increase of the
dwell time of the backward steps accompanies the increase of its
Fig. 5. The chemomechanical coupling ratio and average step size as a
function of external force.
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frequency of occurrence. Because in both forward and backward
stepping described above ATP hydrolysis occurs in the rear head
and ADP releases from the front head (to the plus end), the
dwell times of both forward and backward motions show the
same force dependence. Therefore, the applied force in the
minus direction decreases the overall turnover rate of ATP
hydrolysis, and the chemical transitions remain as the rate-
limiting steps. Because the chemical states at which the forward
and backward stepping take place are the same, the dwell times
of forward and backward steps are the same and respond to the
external load in the same way.
The force dependence of kinesin discussed above makes it a
tightly coupledmotor in a large range of external loads. This tight
coupling is achieved because in both forward and backward
walking, ATP binding to an empty site is required for the
detachment of one of the two heads. And in a large range of
forces, one of the two heads (in the presence of small forces and
forward stepping, it is the front head, and in backward stepping,
it is the rear head) binds strongly to the microtubule. Therefore,
both forward and backward steps are tightly coupled to ATP
turnover. It is because of this tight coupling that the stall force
does not depend on the ATP concentration sensitively. These
properties of kinesin make it a strong motor with high efficiency
when it walks against large forces and ensure that kinesin can
sustain a large negative force. Even when the force is much larger
than the stall force (10 pN), kinesin steps backward with a slow
speed in an ATP-dependent manner, instead of sliding backward
quickly or detaching from the microtubule (see Fig. 2). The tight
chemomechanical coupling mechanism of kinesin is very differ-
ent from that of the other microtubule-based motor protein,
cytoplasm dynein. The latter walks to the minus end of the
microtubule and possesses a loose chemomechanical coupling
mechanism in that it responds to an external load as a gear, and
its stall force depends strongly on the ATP concentration (37,
38). The difference between the two motors may be a result of
their different origins. It is also likely that each possesses its
mechanicalchemical properties to fulfill its unique biological
function. Detailed structural and biochemical studies may shed
more light on the molecular mechanisms of these motor proteins
andmay provide the necessary test of the mechanistic model that
we present here.
Finally, we note that to take into account the asymmetric
hand-over-hand walking that has been observed for mutant
kinesins, the neck linkers of the heads are assumed in the present
study to have different lengths, and each of them also depends
on which of the two heads is in the front position (see the
supporting information). The present model with parameters
given in the supporting information does not show asymmetry in
the walking of kinesin. However, further shortening of the neck
linkers by mutation amplifies the difference between the neck
linkers of the two heads and brings out more apparently the
asymmetry in kinesin walking (unpublished data).
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